This study presents a semi-empirical model for quantifying the reduction in the 15 mechanical strength of bedrock beneath actively eroding soil-mantled hillslopes. 
materials to physical geomorphic agents, including shearing by gravity or water flow, 1 freeze-thaw action, bioturbation, and wetting-drying processes. The proposed model 2 provides a means of evaluating the controlling mechanisms of soil production functions, 3 linking geologic, climatic, and tectonic factors with the rates of physical and chemical 4 denudation of soil-mantled hilly landscapes. 5 6
Methods for quantifying physical and chemical processes on hillslopes 7
The denudation of hillslopes progresses via two types of mass loss: (1) 8 chemical weathering (mineral dissolution by water-rock reactions), and (2) physical 9 erosion (the mechanical breakdown of bedrock and the downslope removal of the 10 resulting mineral fragments). These processes act together in developing soil-mantled 11 hillslopes. The chemical weathering rates were typically measured by solute fluxes from 12 watersheds (e.g., White and Blum, 1995) , or by chemical composition of non-eroding 13 soils with known age (e.g., Brimhall and Dietrich, 1987) . For a physically eroding soil 14 on a sloping terrain, quantification of the chemical weathering rate requires the mean 15 residence time of the soil that correlates inversely with the rate of rock-to-soil 16 conversion, which in turn is equivalent to the long-term rate of total denudation of the 17 hillslope (White et al., 1998; Anderson et al., 2002) . 18 The concentration of cosmogenic nuclides in rock minerals is a function of the 19 total denudation on a given hillslope (sum of the chemical and physical mass losses). 20 Denudation rates determined from cosmogenic nuclides are typically averaged over a 21 timescale of 10 3 -10 5 yr that is relevant to the timescales for soil generation and 22 alternation on hillslopes under a wide range of climate regimes. Riebe et al. (2001, 23 2003) proposed a methodology for separately quantifying the rates of chemical 24 weathering and physical erosion by combining the cosmogenically determined 1 denudation rate with the geochemical mass balance for a hillslope. 2 Figure 1 shows denudation processes in a soil-mantled mountainous watershed. 3
Immobile parent material (saprolite on fresh bedrock) is converted to mobile soil on a 4 hillslope at the rate of D, and the soil is subject to physical erosion E and chemical 5 weathering W (each of these terms are given in mass flux: g m −2 yr −1 ). Under 6 steady-state soil production and denudation, implying a constant soil thickness on the 7 hillslope over time, the rate of saprolite conversion to soil is equal to the total 8
10

Fig. 1 11
Because bedrock subject to denudation contains both soluble and insoluble 12 components, chemical depletion of the rock-forming minerals should lead to an 13 enrichment in insoluble elements within soil sections (Fig. 1) . Focusing on an insoluble 14 element such as zirconium, the mass conservation equation can be rewritten as 15 At a catchment-averaged scale, the total denudation rate D can be determined 3 from the cosmogenic nuclide concentration C in well-mixed sediment washed out from 4 the source area (Fig. 1) . The nuclide concentration C (atoms g −1 ) in the sediment can be 5 written as 6
where P is the nuclide production rate (atoms g −1 yr −1 ) at the land surface in the source 8 area and Λ is the cosmic ray attenuation length (g m −2 ) (Granger et al., 1996). Equation 9
(4) is based on the three main assumptions: 1) the hillslopes are eroded continuous 10 processes, 2) the time required to remove materials with a thickness equivalent to Λ 11 from the hillslopes is much shorter than the radioactive mean life (10 6 yr timescale for 12 10 Be and 26 Al), and 3) hillslopes in the source area contribute sediment to the channel in 13 proportion to their local erosion rate. 14 Combining Eqs. (3) and (4), we can deduce the chemical weathering rate: 15 California, U.S., and Southeast Australia, and demonstrated that the soil production rate 5 decreases exponentially with increasing local soil depth (Fig. 2) . The intercept of the 6 soil production function showed marked differences among the sites analyzed, varying 7 between 50 and 300 mm kyr −1 (Fig. 2) . 8
Fig. 2 9
The balance between mechanical strength and the physical processes acting on 10 a hillslope determines whether a block of bedrock disintegrates into loose mineral 11 fragments; consequently, differences in the soil production functions should be 12 considered with respect to the strength reduction behavior of bedrock and the threshold 13 of physical erosion. A reduction in strength occurs within the saprolite zone: a 14 decomposed layer between soil and fresh bedrock. In the present study, we suggest the 15 potential of combining analyses of cosmogenic nuclides at the soil-saprolite boundary 16 and determining a strength profile for the saprolite zone in terms of quantifying the 17 sensitivity of bedrock to strength reduction, as this sensitivity is a crucial factor in 18 determining the physical erodibility of saprolite and hence the rates of soil production 19 and soil chemical weathering on a hillslope. 20 thickness of soil and saprolite layers over time (Fig. 3) . This study assumes that the strength reduction coefficient k decreases with 2 increasing depth within the saprolite zone, as an inward decrease in the degree of 3 weathering is commonly observed in subsurface hillslope profiles. The rate of strength 4 reduction must be zero below the weathering front. Accordingly, the coefficient k should 5 be a depth-dependent value that decreases with increasing depth below Z SSB and 6 diminishes to zero at Z→Z WF : 7 
The solution of the differential equation is 16 The strength S decreases to the erosion threshold S ET at Z = Z SSB (Fig. 3) ; that 5 is, 6 for different rock types, and the parameters m, n, and H sp are controlled by the solubility 7 of bedrock (which varies with mineral composition) and slope hydrology or climate 8 conditions. The erosion threshold S ET is influenced by the local hillslope gradient, 9 thickness of the soil mantle, and the intensity and type of physical processes that operate 10 at the soil-saprolite boundary. Testing of the strength reduction model using Eqs. (9) 11 and (11) under diverse environments would provide clues to the controlling mechanisms 12 of the rates of soil production and transport, and hence the rate of chemical weathering 13 on hillslopes. 14 15
Concluding remarks 16
The concentration of cosmogenic nuclides at the soil-saprolite boundary 17 reflects the duration over which the fresh bedrock converts to a mobile soil layer, and 
